Abstract. Southern California experiences earthquakes or/the San Andreas system of vertical fight-lateral predominantly strike-slip faults and on a second system of faults that includes thrusts, oblique-slip, left-lateral, and other faults. Pattern recognition and cluster analysis are used to analyze the catalog of earthquakes with magnitudes ->5.5 from 1915 to 1994. We use pattern recognition to find a suite of traits that would characterize each of these two systems and distinguish them from each other. Both pattern recognition and cluster analysis show that epochs of seismic release occur in which one or the other system is the predominant form of earthquake activity. For the past 2 decades the second system has been the active one. Small changes in the direction of plate movements could account for this phenomenon. Seismic release on the San Andreas system is preceded by episodes of activity in the Great Basin or in the Gulf of California. Presumably, these episodes would represent extension in the former region and spreading and slip on transform faults in the latter.
Introduction
California's San Andreas fault and its system of subparallel faults are generally recognized as the modern plate boundary between the Pacific and North American plates. Right-lateral, strike-slip faulting on the San Andreas (SA) fault system is a major source of California earthquakes (SA earthquakes), including some with magnitudes exceeding 8. The magnitude 6.7 Northridge earthquake that occurred on January 17, 1994, is the most recent in a series of earthquakes near Los Angeles with non-San Andreas (NSA) attributes, in this case a reverse fault mechanism. If one defines a category of earthquakes (NSA earthquakes) with non-San Andreas characteristics having significant reverse or oblique-slip faulting, left-lateral faulting, or faulting with large obliquity to the strike of the San Andreas system, then an interesting trend is discerned from a cursory examination of the southern California catalog of earthquakes with magnitudes reported as greater than 5.5 on any magnitude scale and with unambiguous classification. For the California region between the latitudes of Parkfield and northern Baja California more than twice as many SA as NSA earthquakes occurred from 1915 to 1970. During this period the bent segment of the San Andreas fault has been quiet, and SA earthquakes occurred primarily on the San Andreas system of faults north and south of the bent segment. From 1971 to 1994, twice as many NSA as SA earthquakes occurred. In this paper we apply the methods of pattern recognition and a form of multivariate data analysis called cluster analysis to discern traits that characterize SA and NSA events. We then offer hypotheses that might explain these traits.
Computers have been programmed to analyze data and then reproduce classical scientific discoveries. The motivation for these studies was to understand how humans formuCopyright 1995 by the American Geophysical Union.
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0148-0227/95/95JB-00316505.00 late scientific theories [Simon, 1992] . Computers have also been used to advance new hypotheses that explain complex data. For example, Press and Briggs [1975] used pattern recognition to analyze data and formulate an hypothesis relating the Chandler Wobble to other geophysical phenomena. For this paper we choose an older recognition algorithm because it was designed specifically for application to geological data [Bongard et al., 1966; Bongard, 1970] . KeilisBorok et al. [1988] have extended the older recognition algorithm and used it as a new approach to earthquake prediction. In addition, we have used a more recently developed cluster analysis algorithm as an alternate approach to analyzing the data [Murtagh and Heck, 1987] .
We agree with others [Oreskes et al., 1994 ] who urge caution in interpreting the results of numerical models in the earth sciences and ascribing significance to hypotheses formulated by procedures such as ours, based on incomplete access to natural phenomena. The results are nonunique and may have little relation to the physical world. However, they have heuristic value and may even ring true. On occasion, as in the case of this paper, the hypotheses can be tested against reality over a period of years.
Earthquake Catalog
In our approach, data for the pattern recognition and cluster analysis programs are drawn from a catalog of earthquakes in the southern California region with magnitudes ->5.5, with aftershocks removed (Table t and Figure  1 ). Each earthquake has been placed in the SA, NSA, or questionable category. Although we have relied heavily on surface fault rupture and aftershock distribution to determine fault type, some judgment has necessarily been exercised in assigning a fault plane to an earthquake for which only a focal mechanism exists. In a few cases, even in the absence of a focal mechanism, the local geological environment points persuasively to a particular fault type, such as 6421 
Pattern Recognition Algorithm
We use pattern recognition to find a suite of traits that would characterize the SA and NSA systems and distinguish them from each other. Only a brief conceptual description of the algorithm we employ to find these traits is given here because it has been described in great detail elsewhere [Briggs et al., 1977] . The data we examine to find traits derive from a series of heuristic questions which are posed and whose answers might characterize the two systems of earthquakes. The questions are selected on the basis of being answerable by available data for the period covered by the catalog and are heuristic in that they explore different possibilities that make reasonable geophysical sense. In this study the choice of questions reflects our interest in the time relationships of SA and NSA earthquake occurrences and in the possibility of relationships in seismicity extending to adjacent regions. Many trial questions have been posed and eliminated either because data are lacking or a cursory scan reveals that the they are not discriminatory between the two systems of earthquakes. If the questions involve specific parameters such as time intervals, numbers of earthquakes, or distances, the actual values used are assigned after a preliminary survey to find the best discriminants between SA and NSA events.
We are particularly interested in patterns of answers revealed by the recognition algorithm that were not discernable in the cursory scan, that is, combinations of questions whose answers link up and provide insights in addition to those provided by the individual questions. The questions (Table 2) are answered yes/no or 1/0 in binary code. If a question is unanswerable for a specific earthquake because of a lack of data (e.g., an earthquake whose mechanism is uncertain or a question which is otherwise unanswerable because of the time limits of the catalog), the answer 2 is assigned. In this manner each of m earthquakes is characterized by a string of digits, the answers to the n questions. The m x n array of earthquakes and answers constitute a matrix of zeros, ones, and twos for SA events and another for NSA events (Tables 3 and 4 ). These answer matrices are then examined to see if certain patterns emerge which are particularly characteristic of one system and not the other. In the algorithm a trait is a particular pattern that is found to occur more frequently in one than the other. The pattern can involve a combination of answers to questions taken three at a time, two at a time, or one at a time (triplet, doublet, or singlet traits, respectively). For example, a doublet trait that characterizes NSA earthquakes may state that such earthquakes tend to occur after 1971 and are further characterized by small earthquake inactivity in the southern California region surrounding the Salton Sea, where the SA system of faults is a principal tectonic feature. This might suggest the hypothesis that the years following 1971 represent an epoch in which the seismic release is predominantly NSA, one in which the San Andreas fault system becomes relatively quiet. In a sense, a trait mimics the way a scientist might combine multiple observations and merge them into a hypothesis. Tables 3 and 4 Binary code is 1 for yes, 0 for no, and 2 for uncertain.
For the answer matrices in
SA and NSA answer matrices were synthesized by randomly mixing the questions and answers in the real answer matrices. In this way, synthetic answer matrices were generated with roughly the same underlying distribution of answers as the real data but which have no other basis in reality. Each of the synthetic matrices was analyzed by our program. Only 0.1% yielded 10 or more discriminatory traits compared to the 38 traits that resulted from the real answers. This gives us good reason to believe that our results were not obtained by chance and implies that the traits found with real data may carry real physical information, although this cannot be proved.
Cluster Analysis
We have used pattern recognition to analyze the 46 x 10 array of earthquakes and answers. Another approach is to examine the same data using cluster analysis [Murtagh and Heck, 1987] . This is an automatic procedure for grouping a set of objects according to their mutual similarity and thereby revealing fundamental features and interrelationships which may be present. Cluster analysis is used today in biology, astronomy, and other fields to find natural groupings of objects such as plant species or stars based on attributes of the individual objects. This is a more formal procedure than pattern recognition and should provide a check of any categorization or grouping of earthquakes revealed by that method.
In 
Reclassification of Four Events
Four events were considered ambiguous with respect to classification as SA or NSA and were grouped initially with SA as indicated in Table 1 . These were the Desert Hot Springs earthquake of 1948, the North Palm Springs earthquake of 1986, and the Landers and Joshua Tree earthquakes of 1992. All of these events occurred in an area where the strike and dip of the San Andreas fault are changing rapidly and progressively as the fault approaches the Big Bend from the southeast. The first two earthquakes occurred on moderately dipping faults with significant components of thrust displacement, and the latter two earthquakes occurred with right-lateral strike slip along faults in the east California shear zone, at a significant angle to the strike of the nearby San Andreas fault. All four events showed many more NSA than SA traits in the computer runs, comparable to earthquakes which were clearly NSA. In the case of Landers and Joshua Tree, all of the NSA traits and none of the SA traits occurred. These four events were reclassified as NSA in deriving the traits described above. This change yielded many more traits. However, traits on which some major conclusions of this paper are based emerge even without the reclassification: SA and NSA epochs, SA events preceded by activity in the Great Basin and Gulf, and inactivity of the Salton Sea Block during NSA activity.
One can make a case on geological grounds alone for the classification of these four events as NSA, independent of the computer indications. However, the pronounced associations of NSA traits with the Landers and Joshua Tree events warrants some speculation, and we offer the following possibilities: (1) The strength of the Landers and related faults in the eastern California shear zone differ from those on the SA system, and they are responding to regional stress in a different manner than the response of the SA system, for example, in the recurrence of activity. (2) Others [e.g., Sauber, 1988] The Landers earthquake also invites speculation because of the extraordinary number of triggered earthquakes to distances of 1200 km. Many of the triggered events lie in a directivity lobe of more intense shear waves which radiated from the propagating rupture. There also seems to be a correlation of triggering with the occurrence of nearby subsurface magmatic reservoirs. Some investigators have connected the two phenomena in explaining the triggered events [Hill et al., 1993; Linde et al., 1994] . They propose that intense shear waves released bubbles or otherwise changed local stress patterns in the fluid reservoirs which triggered earthquakes. However, several sites of triggering lie well outside the lobe, and earthquakes with magnitudes comparable to that of Landers, and closer to some of the sites, apparently did not trigger earthquakes there. If the concept suggested by the results of this paper that the nature of seismic release over a region can be influenced by activity well beyond the region rather than by local changes in the stress field, then it occurs to us that a large region encompassing Landers and the sites of triggered events was primed for earthquakes to occur by a strain wave which traversed the region. Landers was the first and largest event. It would have been easier for seismic waves emanating from Landers to stimulate triggering under these circumstances. None of these speculations can be proved on the basis of the data we have analyzed. However, they predict phenomena that can be checked in time. In a few years, arrays of Global Positioning System instruments will be installed at permanent sites and should be able to detect the slowly moving strain waves that take months or years to traverse a region and signal plate motion changes. It would then be possible to see if such changes affect the mechanism of seismic release. Over some period of time it will also be possible to check if heightened seismicity in the Great Basin or the Gulf of California precedes activity on the San Andreas system of southern California.
Conclusions
An examination of a catalog of southern California earthquakes using pattern recognition and cluster analysis leads to the hypothesis that seismic release in this region occurs in epochs in which the earthquakes are predominantly SA or The pattern recognition algorithm also finds traits that characterize the SA and NSA systems. These traits can be explained by the following additional hypotheses. Earthquakes in southern California occur within a larger system that includes at least the Great Basin and the Gulf of California. Episodes of activity in these adjacent regions signal subsequent release of the SA type. In the absence of activity in these adjacent regions, SA release is reduced, and NSA release occurs more frequently.
We propose that small changes in the direction of relative motion between the Pacific and North American plates along the transform plate boundary in California may activate either the SA or NSA systems of faults. These changes could be caused by activity in the Great Basin or the Gulf of Baja California. Alternatively, the entire system discussed here could reflect more distant events which introduce small fluctuations in plate motion direction in this region by occasional arrivals of slowly traveling strain waves.
